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Processing of the internal structural and enzymatic proteins of retroviruses occurs during or shortly after budding and
is accomplished by the viral protease (PR), which belongs to the large family of aspartic proteases. It is not known how the
activity of PR is regulated so that proteolysis occurs at this time. Cellular aspartic proteases are synthesized as zymogens
with short N-terminal extensions that are proteolytically removed to generate the free active enzyme. In the avian sarcoma
and leukosis viruses (ASLV), PR is expressed as the carboxy-terminal domain of the Gag polyprotein, which thus has a
structure analogous to such a zymogen. We have investigated the enzymatic properties of ASLV PR when it is part of a
longer protein, NC-PR, serving as a model for Gag. This protein represents about one-third of Gag and consists of the
nucleocapsid (NC) domain fused to the N-terminus of PR. NC-PR and derivatives of NC-PR were expressed in bacterial
cells and purified. In short-term assays, these fusion proteins lacked measurable protease activity toward an exogenous
substrate prepared by in vitro translation. In contrast to PR, which is a homodimer, NC-PR migrated as a monomer both
by glycerol gradient sedimentation and by gel filtration chromatography. Thus the NC domain appears to inhibit enzymatic
activity by altering the dimerization potential of the PR domains. However, upon long incubations NC-PR was found to cleave
itself to generate free and fully active PR, implying that dimerization was not prevented entirely. On the basis of these
results, we hypothesize that the Gag protein in vivo is also incompletely active as a protease, because upstream portions
of Gag interfere with proper interaction of the PR domains. The eventual dimerization, perhaps triggered by other events,
then could lead to a cascade whereby PR is proteolytically freed from Gag and thereby gains enzymatic activity. q 1996
Academic Press, Inc.
INTRODUCTION ment step is proteolytic processing observed (Rhee and
Hunter, 1987). It is not known by what mechanism pro-
Proteolytic cleavage of the Gag and Gag–Pol polypep-
cessing by PR is delayed until late in budding of the virion.
tides into mature structural and enzymatic proteins is cen-
Retroviral proteases (PRs) belong to the family of aspartic
tral to the life cycle of all retroviruses (Wills and Craven,
proteases, which has many members both in higher and
1991). These cleavages lead to the morphological changes
in lower eucaryotes (Davies, 1990). This family is character-
termed maturation (as seen by thin-section electron micros-
ized by sequence similarity especially around the active
copy) and are required for the virion to become infectious.
site, acid pH optimum, and similarity of three-dimensional
The timing of proteolysis is not known with precision and
structure. The cellular aspartic proteases are bilobal inmay not be identical in all retroviruses, but in all cases this
structure, with two domains of very similar amino acid se-process appears to be a late event in assembly, probably
quence in a single polypeptide. Retroviral PRs also areoccurring in the last stages of budding or shortly thereafter.
dimeric, but in this case the dimer is formed from twoProteolysis must be regulated to ensure proper timing. This
separate but identical subunits. The crystal structures areconclusion is most clearly evident from the properties of
available for several PRs, including those of primate lentivi-viruses of the type D genus (exemplified by Mason–Pfizer
rus (exemplified by human immunodeficiency virus type 1,monkey virus) and the type B genus (exemplified by mouse
HIV-1) (reviewed in Wlodawer and Erickson, 1993) and ofmammary tumor virus), in which assembly and maturation
the avian sarcoma and leukemia virus genus (ASLV), exem-are temporally and spatially uncoupled. In these cases the
plified by Rous sarcoma virus (RSV) (Jasko´lski et al., 1990).viral core becomes fully assembled in the cytoplasm and
The most important interface holding the two subunits to-migrates to the plasma membrane where it acquires its
gether consists of a four-stranded antiparallel b-sheet, inmembrane upon budding. Only during or after this envelop-
which the first 5 N-terminal as well as C-terminal amino
acid residues participate. In all aspartic proteases the poly-
1 Present address: Transkaryotic Therapies Inc., 195 Albany Street,
peptides fold so that the active site is created between theCambridge, MA 02139.
two homologous lobes. Thus in retroviral PRs dimerization2 To whom correspondence and reprint requests should be ad-
dressed. Fax: (607) 255-2428. E-mail: vmv1@cornell.edu. is essential for activity.
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In most retroviruses, PRs are expressed in a different NC-PRD37I was obtained from G. Schatz (Katz et al., 1986;
Kotler et al., 1988; Burstein et al., 1992). All of the recombi-reading frame than gag, either as Gag–Pro or Gag–Pro –
Pol proteins formed by frameshifting to avoid the gag nant PR-containing proteins were purified from inclusion
bodies. Cells were inoculated at 1:50 in LB broth supple-termination codon or by suppression of this termination
codon (for simplicity, Gag–Pro–Pol is hereafter referred mented with 50 mg/ml of ampicillin and 15 mg/ml of tetra-
cycline and were grown at 307 to an OD600 between 0.5to by the old designation Gag–Pol). By contrast, in the
ASLV genus PR is expressed at the carboxy-terminus of and 0.8 in an air shaker. An equal volume of medium at
587 was then added and the cells were grown for anGag. Thus it is present in equimolar amounts with the
other internal structural proteins, thereby being about additional hour at 407. The cells were harvested and
pelleted in a GSA rotor (Sorvall) for 10 min at 8000 rpm.20 times more abundant than reverse transcriptase or
integrase, the products of pol. In addition, in ASLV a PR The pellets were washed two times at 47 with buffer A
(50 mM Tris, pH 7.5, 100 mM NaCl, 1 mM EDTA, 1 mMdomain also is embedded in Gag–Pol. Although not all
published reports are in agreement (Oertle et al., 1992), phenylmethylsulfonyl fluoride, 1 mM DTT), resuspended
again in buffer A, and sonicated with four pulses of 40apparently the PR domain that is part of Gag is necessary
and sufficient for proper processing of all the internal sec each in a Branson sonifier. This solution was then
centrifuged again in a SS34 rotor (Sorvall) for 20 min atproteins, while the PR domain in Gag–Pol is dispensable
(Stewart and Vogt, 1991; Craven et al., 1991). 10,000 rpm. The pellet, containing mostly inclusion bod-
ies, was then resuspended in buffer B (buffer A plus 6Most and perhaps all of the aspartic proteinases are
synthesized as inactive or weakly active zymogens with M urea). Insoluble material was removed by spinning for
30 min at 70,000 rpm in a TLA100.3 rotor (Beckman) anda basic N-terminal segment, or propeptide, of about 45
amino acids. This propeptide is cleaved upon activation discarded. The supernatant was quick-frozen in dry ice
and stored at 0707.of the protease. By analogy, we hypothesize that the
ASLV Gag protein is also a zymogen with reduced enzy- In order to remove free PR, PR-containing fusion pro-
teins were purified by phosphocellulose chromatographymatic activity and that the proteolytic release of PR plays
a central role in the delay of Gag and Gag–Pol pro- (Whatman P11). PR itself does not bind to phosphocellu-
lose, while NC and proteins containing NC bind tightly.cessing until virion assembly is complete. This hypothe-
sis is consistent with the observation that cleavage site Phosphocellulose slurry in buffer B was added to the
soluble material in 6 M urea in a volume ratio of 1:2 andmutations N-terminal to the PR domain that block release
of PR also block proteolysis at the other Gag (Burstein incubated with rotation overnight at 47. The resin was
pelleted by centrifugation at 7000 rpm in a microfuge,et al., 1992) and Pol (Stewart and Vogt, 1994) cleavage
sites. A similar phenotype also has been reported in the and the supernatant was saved for analysis. The resin
was washed in the same manner, usually four more timesHIV-1 system (Zybarth et al., 1994). Thus cleavage at the
junction between the nucleocapsid (NC) domain and the with buffer B, again in a 1:2 ratio of resin to buffer. The
NC-containing protein was then eluted from the resinPR domain appears to be a prerequisite for further pro-
cessing. with buffer C (buffer B plus 1.0 M NaCl). Incubation with
rotation in buffer C in 1:1 ratio of resin to buffer wasWe have developed a model system to explore the
possible role of upstream amino acid sequences in regu- carried out at 47 for 2 hr, and thereafter the resin was
pelleted as before. The resin was washed four morelating PR activity. A protein consisting of the fused NC
and PR domains of Gag was purified from Escherichia times in a similar manner, with the washes being saved.
All 10 fractions were quick-frozen in dry ice and storedcoli. NC-PR as well as derivatives including a shorter
version of this protein were examined for proteolytic ac- at 0707.
Immediately before analysis, the frozen proteins weretivity, with the full-length radioactive Gag protein Pr76gag
prepared by in vitro translation, being used as the sub- placed in a 1200-MA microdialyzer (BRL) with a flow rate
of 1 ml/min. Dialysis was carried out at room temperaturestrate. We found that NC-PR fusion proteins were devoid
of detectable activity, apparently because they were un- or at 47 in 90-min steps of 5, 3, 0.8, and 0 M urea in 150
mM NaCl and either 50 mM Tris–HCl, pH 7.0, or 50 mMable to dimerize. Nevertheless, upon long incubation NC-
PR was capable of cleaving itself to liberate fully active citrate buffer, pH 5.0, with 5 mM DTT present throughout.
Protease inhibitors were present as described.PR. These results suggest that in vivo the PR domains
in the Gag polyprotein are also unable to dimerize effi-
ciently. Analysis of proteins
MATERIALS AND METHODS
Plasmid pPr76gag-T7 contains the RSV gag gene
Synthesis and purification of proteins cloned behind a bacteriophage T7 promoter. The plasmid
was linearized with HindIII and transcribed with T7 RNAThe expression vectors for NC-PRWT, NC-PRcs22, NC-
PRD24, PR, and NC were obtained from A. M. Skalka, and polymerase (USB) for 1 hr at 377. The resulting RNA was
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translated for 1 hr at 307 in rabbit reticulocyte lysate
(Promega) in the presence of 50 mCi of [35S]methionine.
Transcription and translation were performed according
the protocols supplied by the manufacturer. The in vitro
translated, 35S-labeled, full-length Gag precursor Pr76gag
was used as substrate for the activity assay. Typically 5
ml of substrate was incubated with varying amounts of
enzyme at 377 for 1 hr in a total reaction volume of 40
ml in 1 M NaCl, 100 mM citrate buffer, pH 6, 1 mM DTT.
Protein concentrations were determined by the Brad-
ford assay using reagents from Bio-Rad, in conjunction
FIG. 1. Diagram of NC-PR proteins. The top line represents the Gagwith comparison with known amounts of stained marker
protein, Pr76gag, and shows the domains corresponding to the major
proteins on SDS–polyacrylamide gel electrophoresis mature polypeptides. The vertical lines represents sites of proteolytic
(SDS–PAGE). For the determination of PR concentration, cleavage. NC-PRWT consists of the full-length NC and PR sequences.
In the cleavage site mutant protein NC-PRcs22, two amino acids arecomparison with known amounts of viral PR by immu-
deleted from positions P2 and P3, and the serine residue at positionnoblotting was also carried out. Proteins were electro-
P1 is replaced by an isoleucine residue. In the active site mutant proteinphoretically transferred from 15% SDS–PAGE gels to Im-
NC-PRD37I, the catalytic aspartic acid residue at position 37 in PR is
mobilon-P membranes (Millipore) in 20% methanol–25 replaced with an isoleucine residue. The truncated protein NC-PRD24
mM Tris–190 mM glycine at 1 A for 90 min in a Bio-Rad lacks 24 amino acid residues from the amino terminus of NC. The rPR
protein corresponds to the full-length viral protease, with the additionTransblot apparatus. Following transfer, the membranes
of an initiating methionine residue.were blocked in 20% lowfat milk in rinse buffer [RB: 150
mM NaCl, 10 mM Tris–HCl, pH 7.5, 1 mM EDTA, 0.5%
Tween 20 (Sigma)] for 1 hr at room temperature and
proteins were electrophoretically transferred from 15%then probed for 12 hr at 47 with 1:500 dilutions of crude
SDS–polyacrylamide gels to Immobilon-P membranes.polyclonal anti-PR antiserum in RB with 20% nonfat milk.
Following transfer, the blots were stained with 0.05%An E. coli crude lysate was added as a source of nonspe-
Coomassie blue in 40% methanol, 7% acetic acid for 4cific competitor protein. Anti-PR antiserum had been
hr at room temperature and destained with severalraised in rabbits injected with PR purified from avian
washes of destain (40% methanol, 7% acetic acid), fol-myeloblastosis virus. The membranes were washed five
lowed by several washes with Milli-Q water. Bands con-times in RB and incubated at room temperature for 1 hr
taining the proteins of interest were excised and submit-with a 1:30,000 dilution of affinity-purified goat anti-rabbit
ted for sequencing.immunoglobulin G–horseradish peroxidase conjugate
(BRL) in RB plus 10% lowfat milk. After five washes in
RESULTSRB, specific proteins were visualized on the wet mem-
branes by the ECL chemiluminescence detection system Expression and purification of fusion proteins
(Amersham).
Sizing of proteins was carried out by gel filtration and NC-PR represents the C-terminal ca. one-third of
Pr76gag, the product of the gag gene. One of the reasonsby velocity sedimentation. Extracts were chromato-
graphed on a column (40 1 1.5 cm) of P-100 resin (Bio- we chose this protein as a model for the intact Gag
protein is that the latter is reported to have a very shortRad) equilibrated with either 50 mM Tris, pH 7.5, or 50
mM citrate, pH 5.0, plus 150 mM NaCl or 1 M NaCl. All half-life in E. coli, ca. 5 min (Mermer et al., 1983), making
it difficult to isolate large quantities of protein. By con-buffers also contained 1 mM EDTA and 1 to 5 mM DTT.
The column was eluted at 47 and a flow rate of 4 ml/ trast, NC-PR fusion proteins are more stable in E. coli,
with processing not being observed immediately follow-hr. Cytochrome c, trypsin inhibitor, carbonic anhydrase,
ovalbumin, and bovine serum albumin were used as in- ing induction (Kotler et al., 1988; Burstein et al., 1992).
Several different versions of NC-PR were analyzed (Fig.ternal markers (100 mg each) in every run. Column frac-
tions were analyzed by SDS–15% PAGE and immu- 1). NC-PRWT consists of the full-length, wild-type NC and
PR domains. In NC-PRcs22 the 2 amino acids found atnoblotting with anti-PR antisera. Ultracentrifugation of ex-
tracts was performed in glycerol density gradients. positions P2 and P3 of the cleavage site between NC
and PR are deleted, and a serine residue at the P1 sitePurified protein was layered onto a 4-ml 7.5–15% (vol/
vol) glycerol density gradient containing the internal is replaced by an isoleucine, mutations that collectively
prevent cleavage at the NC-PR boundary without affect-markers and prepared in the buffers described above.
Samples were centrifuged for 26 hr at 50,000 rpm in a ing the sequence of PR itself (Burstein et al., 1992). NC-
PRD37I contains a mutation at the active site of PR thatSW60 Beckman rotor at 47.
For N-terminal amino acid sequence determination, replaces the catalytic aspartic acid by an isoleucine resi-
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due and abolishes all proteolytic activity (Stewart et al.,
1990). This mutation leads to an increase in mobility of
polypeptides carrying the PR domain. Finally, NC-PRD24
(Kotler et al., 1988) is missing 24 amino acids from the
amino-terminus of an otherwise wild-type NC-PR con-
struct and therefore has 65 amino acids of NC fused to
PR. The NC-PR proteins as well as PR itself were ex-
pressed at high levels from the lambda PL promoter un-
der the control of temperature-sensitive lambda repres-
sor. All the PR-containing proteins accumulated in inclu-
sion bodies. The time of harvest after induction, 1 hr,
was chosen to minimize cleavage while maximizing ex-
pression. In our experiments free PR began to appear
about 30 min after induction (data not shown). The inclu-
sion bodies were separated from most of the contaminat-
ing bacterial proteins by centrifugation and extensive
washing and then resuspended in 6 M urea.
NC-PR undergoes what is commonly termed autocata-
lytic cleavage in E. coli, to generate free PR and NC FIG. 2. Partial purification of NC-PR and removal of free PR. (A)
(Kotler et al., 1988; Burstein et al., 1992). For in vitro Elution profile of NC-PRWT from phosphocellulose. A precleared solution
of inclusion bodies in 6 M urea (lane 1) was added to a slurry ofstudies on the enzymatic properties of NC-PR it was
phosphocellulose resin equilibrated in buffer containing 0.1 M NaClimperative that contaminating free PR be absent. We
and 6 M urea (low-salt buffer). Resin and protein solution were allowedused phosphocellulose chromatography performed by
to mix. Unbound material was removed, and the resin was washed
batch method in the presence of 6 M urea to separate repeatedly (lanes 2–6). Bound material was eluted with a 6 M urea
NC-PR from PR (Fig. 2). The basic NC domain caused solution containing 1 M NaCl (lanes 7–11). Proteins in each fraction
were analyzed by SDS–PAGE and immunoblotting with anti-PR serum.tight retention of NC-PR on this cation exchange resin at
Only the bottom part of the gel is shown. (B) Coomassie blue staininglow salt concentration. PR and the majority of cell pro-
of proteins in high-salt fractions 7 and 8. (C) Elution profile of NC-teins failed to adsorb and appeared in the wash fractions,
PRcs22 from phosphocellulose. The protein was purified and analyzed
as shown by Western blotting with PR antibodies (Fig. by immunoblotting as described for A. Note the presence of a 17-kDa
2A, lanes 2 to 6). The NC-containing proteins were then species in the low-salt fractions.
eluted with a high-salt buffer (Fig. 2A, lanes 7 to 11). By
Coomassie blue staining the eluted proteins appeared
to have a purity of about 90% (Fig. 2B). Two contaminating PR purified from virions (vPR) and E. coli-made recombi-
nant PR (rPR) were used as positive controls. Both vPRproteins of low molecular weight were present, but these
were host proteins and not PR, since they were not de- and rPR were purified by chloroform–methanol extrac-
tion (Johnson et al., 1983), although rPR, obtained fromtected with an anti-PR antiserum. In the case of NC-
PRcs22, a prominent protein reactive with PR antibody and inclusion bodies, was first resuspended in 6 M urea
which was then dialyzed in steps at 47, exactly as for theof molecular weight of about 17 kDa appeared (see be-
low). This protein did not bind to phosphocellulose (Fig. NC-PR fusion proteins. Under optimal conditions of low
pH and high salt concentration, as little as 50 ng of vPR2C, lanes 1 and 2), suggesting that some of the basic
residues of the NC domain were absent. gave detectable cleavage of the substrate, as shown by
the appearance of CA and partial disappearance of
Pr76gag (Fig. 3, lane 6). About four times (400 ng) as muchEnzymatic activity of the fusion proteins and of
rPR (Fig. 3, lane 4) was required in order to yield a similarrecombinant PR
amount of CA as generated by 100 ng of vPR (Fig. 3, lane
7). This result is in agreement with previously publishedTo determine whether amino-terminally extended PR
proteins are enzymatically active, in vitro translated 35S- data (Grinde et al., 1992), which showed that E. coli-
made PR had only 20 to 40% of the activity of vPR. Uponlabeled Gag precursor Pr76gag was used as substrate in
activity assays, and the appearance of mature capsid sequencing the amino-terminus of rPR, we found that in
more than half of the rPR molecules the initiating methio-protein (CA) was monitored by SDS–PAGE. Pr76gag by
itself does not undergo processing after in vitro transla- nine was not removed (data not shown), a common oc-
currence with recombinant proteins overexpressed in E.tion under any conditions, despite the presence of the
wild-type PR domain at its C-terminus. This inactivity is coli. This result correlates with the reduced activity of
rPR and suggests that PR may be inactive or less activedue at least in part to the low concentration of proteins
achievable by in vitro translation. In the cleavage assays, when an additional methionine residue is present at its
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FIG. 3. Proteolytic activity of rPR and vPR. Recombinant PR (rPR)
was purified from inclusion bodies after expression in E. coli. Viral PR
(vPR) was purified from avian myeloblastosis virus. An in vitro transla-
tion mix containing [35S]methionine-labeled Pr76gag (5 ml) was incubated
FIG. 5. Glycerol gradient sedimentation of NC-PRWT. A mixture ofwith PR in 40 ml of 100 mM citrate buffer, pH 6, 1.0 M NaCl, 1 mM DTT
marker proteins together with NC-PRWT was layered over a 4-ml glycerolfor 1 hr at 377. The amounts of PR in each incubation are shown in
gradient in 50 mM Tris 7.5, 150 mM NaCl, 1 mM EDTA, 5 mM DTT,nanograms. The products were analyzed by SDS–PAGE followed by
and 7.5–15% glycerol, which was centrifuged for 26 hr at 50,000 rpmfluorography. Specific proteolytic digestion is indicated by the disap-
at 47. Portions of each of the resulting fractions were analyzed by SDS–pearance of Pr76gag and the appearance of CA.
PAGE. (A) The polyacrylamide gel was stained to show the positions
of the marker proteins. The molecular weight markers used were bovine
serum albumin, ovalbumin, carbonic anhydrase, soybean trypsin inhibi-amino-terminus. Similar conclusions about the effects
tor, and cytochrome C. (B) A gel electrophoresed in parallel to that inof an initiating methionine residue have been reported
A was analyzed by immunoblotting with anti-PR serum. The antiserum
previously for HIV PR (Rangwala et al., 1992). Further- cross-reacts with the ovalbumin marker band.
more, in the ASLV system, PR-RT and PR-RT-IN fusion
proteins carrying an initiating N-terminal methionine resi-
due do not cleave themselves when expressed in insect derived from these fusion proteins was properly folded.
cells (Stewart and Vogt, 1993). Thus N-terminal extensions of as few as 65 amino acids
The NC-PR fusion proteins were tested for proteolytic block the enzymatic activity of the PR. We interpret these
activity under the same conditions, immediately after data to mean that proteolytic liberation of the PR domain
stepwise dialysis at 47 to remove the urea, with the assay is critical for its activity in vitro. As discussed below, the
being performed at 377 for 1 hr. As much as 5000 ng of mechanism underlying this effect could be direct or could
the fusion proteins, as estimated by Coomassie staining involve refolding of the protein upon removal of urea.
(Fig. 4B), failed to give detectable cleavage of Pr76gag
Molecular weight determination of the fusion proteins(Fig. 4A). Thus the specific activity of NC-PR was at least
50- to 100-fold reduced over that of mature viral PR. The
Because PR is known to be active only as a dimer, we
fact that crude preparations of NC-PRWT and NC-PRD24
hypothesized that the lack of activity of the fusion pro-
that contain free PR were active indicates that the PR
teins was due to their failure to dimerize. To test this
hypothesis both gel filtration and velocity sedimentation
were used to determine the native size of these proteins.
In the first set of experiments, NC-PRWT was mixed with
molecular weight markers and then layered onto a glyc-
erol gradient in pH 7.5 and 0.15 M NaCl immediately
following removal of urea by dialysis at 47. After centrifu-
gation NC-PRWT as detected by Western blotting was
found to sediment with an apparent molecular mass of
20–25 kDa, peaking around fraction number 13 in the
FIG. 4. Proteolytic activity of NC-PR proteins. (A) Processing of in experiment shown (Fig. 5B), similar to the stained 21.5-
vitro translated Pr76gag by PR or NC-PR proteins was measured in a kDa trypsin inhibitor marker (Fig. 5A). Had NC-PRWT been
manner similar to that described in Fig. 3. Lane 1, rPR; lane 2, NC- a dimer, it would have sedimented approximately like the
PRWT; lane 3, NC-PRcs22; lane 4, NC-PRD37I; lane 5, NC-PRD24. For the
46-kDa ovalbumin marker, which cross-reacts with theNC-PR proteins about 5000 ng was used in the assay, and for PR 400 ng
anti-PR serum and thus provides a convenient internalwas used. (B) Coomassie blue-stained gel showing proteins assayed in
A. In each lane protein calculated to be 25,000 ng was electrophoresed. marker in the blot. Similar sedimentation patterns were
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FIG. 6. Gel filtration of PR and NC-PR proteins. Proteins were mixed with blue Dextran (to mark the excluded volume) plus the same standard
proteins used in sedimentation, and then chromatography was carried out on a P100 gel filtration column in the same solution as for sedimentation,
except without glycerol. The elution positions of the standard proteins and blue Dextran are indicated by open circles, of NC-PRWT, NC-PRcs22, and
NC-PRD37I by a solid triangle, of NC-PRD24 by a solid square, and of vPR, rPR, and dPR by a solid circle. The results of several independent
experiments are shown in this graph.
observed for all the NC-PR proteins. The same results us to conclude that if the NC-PR proteins do dimerize,
the dissociation constant governing the monomer–dimeralso were obtained at pH 5.0 and 1.0 M NaCl, at pH 5.0
and 0.15 M NaCl, and at pH 7.5 and 1.0 M NaCl (not equilibrium must be at least 100-fold higher than that for
PR itself. However, it cannot be ruled out from any ofshown). When dialysis was carried out at room tempera-
ture, as discussed below, some free PR was generated. these data that only a small percentage of the fusion
proteins is competent to dimerize and thus escapes de-This migrated as a dimer as expected, while the re-
maining fusion proteins in the same preparation contin- tection.
ued to migrate as monomers. Crude preparations of NC-
PRWT containing free PR also were tested, i.e., without Processing of fusion proteins by an E. coli protease
purification by phosphocellulose chromatography. In
these crude preparations free PR but none of the fusion Upon dialysis at room temperature and in pH 7 buffer,
a polypeptide of about 17 kDa (P17) and reactive againstproteins were observed to sediment as dimers.
Size determination by velocity sedimentation requires anti-PR antibodies was observed in preparations of all
the fusion proteins. This result is shown for NC-PRD37I inthe assumption that the protein being studied is globular,
like the marker proteins. Thus if NC-PR did dimerize but Fig. 7A. Proteins of the same or similar molecular weight
were also prevalent in crude preparations prior to chro-had a very elongated shape and thereby a high frictional
coefficient, it might sediment at the same rate as a globu- matography, especially in the case of NC-PRcs22 (Fig. 2C).
A species of this size in crude preparations of a proteinlar monomer. To address this question, we also deter-
mined size by gel filtration. In this method, elongated equivalent to NC-PRD24 has been reported previously
(Sedla´cek et al., 1988) and was suggested to be a possi-proteins migrate as if they were larger than a globular
protein of the same mass, exactly opposite to the behav- ble intermediate in the self-cleavage of NC-PRD24. Prece-
dents for such intermediates from in vitro studies haveior of elongated proteins in sedimentation. We found that
by gel filtration all the NC-PR proteins again migrated in been reported for HIV-1 PR-containing proteins analo-
gous to ASLV NC-PR (Phylip et al., 1992; Zybarth et al.,the position of monomers (Fig. 6). The concordance of
these results with those obtained by sedimentation im- 1994). However, the fact that P17 was also present upon
incubation of the active site mutant NC-PRD37I clearly im-plies that the NC-PR proteins are approximately globular.
In the same gel filtration experiments, free rPR as well as plies that the processing leading to this species is not
PR-mediated. The potent serine protease inhibitor diiso-vPR migrated as dimers even at the lowest concentration
tested, 0.3 mg/ml (2 1 1008 M ), as measured in the as- propyl fluorophosphate (DFP) at 2 mM slowed the forma-
tion of P17 (data not shown). Dialysis at pH 5 instead ofsayed fractions. At concentrations as high as 25 mg/ml
in the assayed fractions (1.61 1006 M ) all fusion proteins pH 7 completely prevented the appearance of this protein
(Fig. 7B). Even at room temperature at pH 5, no detectablemigrated as monomers. In sum, these experiments lead
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FIG. 7. SDS–PAGE of refolded NC-PR proteins. Proteins purified by phosphocellulose chromatography in 6 M urea were dialyzed for 90 min
each in steps of decreasing urea concentration (6, 5, 3, 0.8, and 0 M ). The dialysis was carried out at room temperature except where noted
otherwise. Aliquots were removed at the end of each step and the proteins were analyzed by immunoblotting with anti-PR serum. The concentration
of urea is indicated over each lane. (A) NC-PRD37I, pH 7.0. (B) NC-PRD37I, pH 5.0. (C) NC-PRcs22. Lanes 1–5, pH 7.0; lanes 6–8, pH 5.0. (D) NC-PRWT.
Lanes 1–5, pH 7.0; lane 6, overnight incubation at 377 of protein shown in lane 5; lane 7, stepwise dialysis to no urea as in lane 5, but carried out
at 47 instead of room temperature.
P17 was formed, while free PR was readily generated to generate free PR, in the absence of other proteases
and of PR itself? Free and enzymatically active PR wasfrom NC-PRWT (Fig. 7D) and from NC-PRD24 (data not
always present in crude extracts of NC-PRWT and NC-shown), thus ruling out that P17 is an obligatory interme-
PRD24 in bacterial cultures induced for longer than 30diate in processing. To define the structure of P17, we
min (data not shown). Previous studies have interpretedisolated it from a preparation of unpurified NC-PRWT and
this free PR to be the result of autocatalytic cleavage,submitted this for N-terminal amino acid sequence analy-
since it was not observed in significant amounts in NC-sis. The results identified the site of processing as be-
PRD37I (Kotler et al., 1988). In this scenario the PR domainstween Arg 61 and Lys 62 in NC (data not shown), and
in NC-PR would dimerize, forming an active enzyme thatthus P17 contained 28 amino acids of NC attached to
cleaves the NC-PR bond in trans and perhaps even inthe amino-terminus of PR. This result is in agreement
cis. However, an interpretation that is impossible to ex-with that in a previous report (Sedla´cek et al., 1988),
clude is that in E. coli a host cell protease initiates awhich showed that crude preparations of a protein equiv-
cascade, in which a small amount of NC-PR is firstalent to NC-PRD24 contained a protein of about 17 kDa
cleaved to generate an active PR species, which slowlyalso starting at lysine 62 of NC. Given the pattern of
builds up and then acts in a positive feedback loop toinhibition observed, the host protease responsible for the
eventually lead to the proper processing of the remaindergeneration of P17 could be the product of the ompT gene.
of the NC-PR. The fact that small amounts of a cross-This serine protease, which is poorly active at acid pH,
reactive polypeptide the size of PR appeared after longfrequently contaminates preparations of proteins overex-
inductions even with the mutant NC-PRD37I (data notpressed in E. coli (Veeraragavan, 1989). OmpT cleaves
shown) and that PR appearance after induction was de-only between adjacent basic amino acids and is reported
layed would be consistent either with poor dimerizationto be inactivated completely by 5 mM DFP but not by 0.5
of NC-PR or with a host protease playing a role in E. coli.mM DFP (Sugimura and Nishihara, 1988), consistent with
With purified preparations of NC-PRWT that were devoidour observation that inhibition was partial when this com-
of detectable PR, we found that in contrast to dialysis atpound was used at 2 mM.
47, dialysis at room temperature led to the generation of
free PR at both pH 5 and pH 7 (shown for pH 7 in Fig.Autocatalytic activity of the fusion proteins
7D, lane 5). The same result was obtained for NC-PRD24
One of the aims of the present study was to address (data not shown). Regardless of the temperature at which
they had been dialyzed, in overnight incubations at 377the question, is a model Gag protein able to cleave itself
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near the modified cleavage site. We have shown that
both in exogenous assays in vitro as well as in vivo, PR
cleaves the mutant cs22 Gag protein three amino acid
residues C-terminal to the usual cleavage site, leading
to an N-terminally truncated and inactive PR (Schatz et
al., manuscript in preparation). Thus it is likely that in the
autocatalytic NC-PR reactions studied here, this site is
also used at low levels.
DISCUSSION
In our experiments NC-PRWT, a protein that serves as
a model for the ASLV Gag precursor, was nearly devoid
of proteolytic activity when analyzed in purified form inFIG. 8. Proteolytic activity of dPR and NC-PRWT. dPR derived from
an assay of short duration. A similar protein with onlyNC-PRWT by overnight incubation at 377, or NC-PRWT itself, was incu-
bated with [35S]methionine-labeled Pr76gag as described in Fig. 3. Lanes two-thirds of the NC domain attached to PR, NC-PRD24,
1–4, dPR; lanes 5–9, NC-PRWT. The amount of protein in nanograms also lacked activity. The NC-PR proteins did not form
that was used in each assay is shown over the lanes. detectable dimers at the concentrations tested, thus ac-
counting for their lack of activity. However, upon very
long incubations, NC-PRWT and NC-PRD24 were able toboth of these proteins were cleaved to yield free PR
(shown for room temperature dialysis in Fig. 7D, lane 6). cleave themselves and thereby to generate free and ac-
tive PR. Since in retroviral aspartic proteases the activeThis autocatalytic reaction was slow, with a half-time of
cleavage of NC-PRWT of several hours. The PR derived site is created at the interface between two identical
subunits, the limited enzymatic activity observed for thein vitro from purified NC-PRWT (dPR) was tested in a semi-
quantitative way for activity. The dPR was at least as NC-PR proteins implies that they retained some ability
to dimerize, perhaps with a high dissociation constant.active as rPR (Fig. 8, lanes 1 to 4 compared with Fig. 3,
lanes 1 to 4). As a control in this experiment and in Under the assumption that the population of NC-PR mole-
cules was homogeneous, we estimate that the dissocia-agreement with the results shown in Fig. 3, the same
NC-PRWT preparation, dialyzed at 47 to prevent auto- tion constant must be at least 100-fold higher than that
for PR itself. However, we cannot rigorously exclude thatprocessing, remained inactive toward the exogenous
substrate even when large amounts were assayed (Fig. a small and undetectable amount of PR failed to be re-
moved in the phosphocellulose chromatography step8, lanes 5 to 9). The fact that autoprocessing is slow
explains why NC-PRWT showed no activity in the 1-hr and thus contaminated the preparations of NC-PR pro-
teins. Hence any estimate of the residual enzymatic activ-assay with Pr76gag as a substrate. The autocatalytic gen-
eration of PR from NC-PR was dependent on an active ity of NC-PR represents an upper bound.
Dimerization has long been thought to play a regula-PR domain. Free PR never appeared at room temperature
in purified preparations of the active site mutant NC- tory role in proteolysis in retroviral maturation. Among
the diverse experiments that have suggested this idea,PRD37I, even after incubations lasting 24 hr (data not
shown). The small amount of a PR-like protein present perhaps the most notable is the observation that expres-
sion of Gag or Gag–Pro molecules containing two tan-after long inductions is most likely due to nonspecific
degradation by bacterial proteases. dem PR domains attached by a flexible linker peptide
leads to premature cleavage of viral proteins and as aThe cleavage site mutant cs22 is defective in proteo-
lytic processing in vivo, despite the fact that the amino consequence blockage of assembly (Kra¨usslich, 1991;
Burstein et al., 1991). For purified proteins, dimerizationacid sequence of the PR domain is the wild type. This
result was interpreted previously as evidence that the of PR has been studied in most detail in the HIV-1 system,
with estimates of dissociation constants in the range ofPR domain has be proteolytically liberated in order to
become an active protease (Burstein et al., 1992). To gain 1009 M or lower (Darke et al., 1994), indicating tight bind-
ing of the subunits to each other. By contrast, almostfurther insight into the autocatalytic reaction of NC-PRWT,
we tested NC-PRcs22 under the same conditions. At pH nothing is known about dimerization of the PR domain
when it is part of a larger polyprotein precursor, for exam-7 and at 377, no free PR was formed from NC-PRcs22
(Fig. 7C), even after an incubation lasting 24 hr (data not ple, Gag in the case of ASLV or Gag–Pol in the case of
HIV-1. Other domains of the Gag and Gag–Pol proteinshown). At pH 5, however, some PR-like protein was
present in NC-PRcs22 preparations (Fig. 7C, lane 8), sug- are known to associate with each other, at least after
they have been released as mature proteins. In virionsgesting that at a pH at which PR is most active, the PR
moiety from NC-PRcs22 can cleave slowly or inefficiently MA, CA, NC, RT, and IN all engage in homotypic interac-
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tions, as evidenced in ASLV, for example, by cross-linking experiments stems from the fact that the protein was
renatured from urea solutions. The same problem under-in the case of the Gag proteins (Pepinsky et al., 1980) or
by the properties of the purified proteins in the case of lies all published studies on purified PR and PR precur-
sors expressed in E. coli, since PR-containing proteinsthe Pol proteins. Therefore, the same domains are also
likely to interact when they are part of the polyprotein are invariably found in inclusion bodies. It is conceivable
that upon removal of urea the NC-PR protein adopts aprecursors. Such interactions have been shown directly
for some of the domains of Gag in a PR-defective strain conformation that is not found in the Gag protein in living
cells. Although this possibility cannot be rigorously ex-of murine leukemia virus (Pepinsky, 1983). Any of these
associations would be expected to bring the PR domains cluded, the following observations argue against it. First,
by itself PR refolds efficiently and completely upon rena-close together, greatly increasing their effective concen-
tration and thereby presumably promoting PR dimeriza- turation from urea or guanidine solutions, as observed
for diverse retrovirus systems by numerous labs. Second,tion. Hence, if as hypothesized our results with the model
NC-PR protein are representative of the behavior of the after removal of urea the cleavage site in NC-PR is readily
accessible, as it is in the Gag protein. Third, after cleav-intact Gag protein, the associations of the other domains
actually may interfere with the folding seen in the three- age of NC-PR the PR moiety is fully active. Finally, all of
the NC-PR proteins migrate as distinct, approximatelydimensional structure of crystalline PR. The monomeric
PR domain may be locked in a conformation that in- globular species and do not form nonspecific aggregates
as might be expected from misfolded proteins. We favorterconverts only slowly with a conformation that can lead
to dimerization. Evidence has been presented previously the model in which the PR domain in the monomeric NC-
PR after removal of urea has a conformation like that inthat when it is embedded in Gag–Pol, the PR domain
folds into a quite different conformation in virions than the Gag protein itself. More detailed analyses of up-
stream sequences, with finer deletions and substitutions,as a separately expressed protein (Stewart and Vogt,
1994). This precedent for alternative folding of the PR will be needed to delineate what features of the upstream
sequences are critical for the inhibitory effect.domain suggests that a similar phenomenon could apply
in Gag, which is the polyprotein that supplies proteolytic We initiated these experiments to explore the possibil-
ity that ASLV Gag, like the zymogens for cellular asparticactivity in ASLV (Stewart and Vogt, 1991).
By what mechanism could the upstream NC se- proteases, is a proteolytically inactive or poorly active
zymogen from which the PR domain must be liberatedquences act to reduce the propensity of the PR domains
to dimerize? In the crystal structure of mature PRs, the in order to become a fully functional protease. The enzy-
matic activity of Gag is relevant to an important and unan-two N- and the two C-termini are close together at the
surface of the protein, forming a four-stranded b-sheet swered question for all retroviruses: how is proteolysis
of the Gag and Gag–Pol proteins prevented until the lastextending about six residues from each end of the poly-
peptide. This b-sheet contains much of the dimer inter- stages in budding? If Gag is an inactive zymogen, the
restraint of proteolytic activity could be accomplished byface and is essential for holding the dimer together, as
shown in HIV-1, for example, by the ability of peptides preventing the first cleavage that releases PR. Several
experiments have been reported previously that supportcorresponding to these sequences to prevent dimeriza-
tion (Babe´ et al., 1992; Zhang et al., 1991). It is not obvious a key role for liberation of the PR domain in the process
of retrovirus maturation. In RSV, destruction of the cleav-from inspection of the crystal structure why upstream
sequences should interfere with dimerization. However, age site between the NC and PR domains leads to a
global defect in processing (Oertle and Spahr, 1990;it seems plausible that in ASLV the NC sequences could
draw the N-terminal residues of the PR domain into an Burstein et al., 1992; Stewart and Vogt, 1994). No mature
MA, CA, RT, or IN proteins are formed in the cs22 mutant.alternative structure, preempting b-sheet formation and
thus dimerization. An observation that is consistent with However, limited cleavage does occur in up to one-half
of the Gag and Gag–Pol molecules in cs22. This cleav-an alternative folding of the PR domain is that ASLV Gag
protein synthesized in vitro in reticulocyte lysates is rap- age takes place at positions flanking the PR domain:
between NC and PR in Gag, and between NC and PRidly cleaved at the NC-PR junction if exogenous PR is
added. Since the substrate polypeptide must be in an as well as between PR and RT in Gag–Pol. Thus we
hypothesize that also in wild-type virus sequences flank-extended conformation for about four residues on each
side of the cleavage site in order to fit into the groove ing the PR domain are the first sites chosen for proteoly-
sis. The limited processing between NC and PR in cs22that contains the active site in dimeric PR, the N-terminal
residues of the PR domain in the substrate Gag molecule takes place at an incorrect site, leading to a truncated
and therefore inactive PR missing three amino acid resi-either are already in an extended conformation or are
readily shifted into such a conformation. dues (Schatz et al., manuscript in preparation).
In the HIV-1 system a number of studies have directlyA possible complication for interpreting the lack of NC-
PR proteolytic activity and the lack of dimerizaton in our or indirectly addressed the question of how PR is acti-
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vated, and the potential role of dimerization in this pro- could be acidified, since all characterized proton pumps
work in the wrong direction, transporting H/ out of whatcess. In transfection studies, mutations preventing cleav-
age at the N-terminus of the PR domain were observed is effectively the cytoplasmic compartment and not into
it, as would be needed in a budding virus. An intriguingto lead to major processing defects, as in the case of
ASLV (Zybarth et al., 1994). In addition, when engineered clue to regulation of proteolysis is that the nature of the
cellular membrane from which a retrovirus buds can befor expression in an in vitro translation system, N-termi-
nally extended forms of HIV-1 PR showed poor or no a critical determinant. Certain HIV-1 Gag deletion mu-
tants in the MA domain result in targeting of most of theactivity when the upstream sequence included between
14 and about 70 amino acid residues (Zybarth and Carter, Gag molecules to the endoplasmic reticulum (ER) (Fa¨cke
et al., 1993). While the minority of particles that bud1995). These extended forms of HIV-1 PR were incapable
of dimerizing in the assay used, much as we found for through the plasma membrane do mature normally, the
majority that bud into the ER do not undergo morphologi-ASLV PR. However, inclusion of still longer N-terminal
extensions extending through the NC domain led to ac- cal maturation and therefore are probably made of in-
completely cleaved Gag. These findings have a paralleltive protease. In another study, HIV-1 PR with short N-
and C-terminal natural viral flanking sequences was in an endogenous retrovirus-like element in rodent cells.
Intracisternal A-type particles are known to bud normallyfused to the E. coli maltose binding protein. Upon renatu-
ration from urea, the resulting chimeric protein was into the ER and to remain immature without proteolytic
cleavage of Gag (Kuff and Lueders, 1988). By contrast,poorly active in an exogenous proteolysis assay, but
upon self cleavage at the N-terminus of PR specific activ- in a chimera of this Gag protein in which the N-terminal
MA domain of HIV-1 replaces the normal MA domain,ity increased by over 100-fold (Louis et al., 1994). On the
other hand, in other studies HIV-1 PR fusion proteins budding is redirected to the plasma membrane, where
mature particles with cleaved Gag are formed (H-G. Kra¨us-were reported to be active (Boutelje et al., 1990; Valverde
et al., 1992; Phylip et al., 1992), although careful kinetic slich, personal communication). If the nature of the mem-
brane at the budding site indeed is important for properanalyses were not carried out in all cases. Similarly, a
mutant HIV-1 PR protein with attenuated activity and car- initiation of processing in HIV and ASLV, it is a matter of
speculation which membrane components might play arying only a short N-terminal extension showed no differ-
ence in activity with or without the extension (Co et al., role in this process.
1994). In qualitative experiments carried out in E. coli
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